Nasopharyngeal carcinoma (NPC) is an Epstein-Barr virus (EBV) associated cancer characterized by a poor prognosis and a high level of lymphocyte infiltrate. Genetic hallmarks of NPC are not completely known but include deletion of the p16 (CDKN2A) locus and mutations in NF-kB pathway components, with a relatively low total mutational load. To better understand the genetic landscape, an integrated genomic analysis was performed using a large clinical cohort of treatment-na€ ve NPC tumor specimens. This genomic analysis was generally concordant with previous studies; however, three subtypes of NPC were identified by differences in immune cell gene expression, prognosis, tumor cell morphology, and genetic characteristics. A gene expression signature of proliferation was poorly prognostic and associated with either higher mutation load or specific EBV gene expression patterns in a subtype-specific manner. Finally, higher levels of stromal tumor-infiltrating lymphocytes associated with good prognosis and lower expression of a WNT and TGFb pathway activation signature.
Introduction
Nasopharyngeal carcinoma (NPC) is a cancer of the epithelial cells of the nasopharynx and is associated with a high incidence of treatment failure and overall poor prognosis (1, 2) . The prevalence of NPC is skewed geographically with South-East Asia, the middle East, and Northern Africa being disproportionately affected (3) . Epidemiologic factors associated with NPC include tobacco (4) and alcohol use (5) , consumption of salt-preserved foods (6, 7) , and smoke inhalation from cooking fires (8, 9) . A pathologic classification of the disease into keratinizing squamous cell carcinoma, nonkeratinizing (differentiated and undifferentiated), and basaloid squamous cell carcinoma has been proposed (10) . Epstein-Barr virus (EBV) infection is strongly associated with the undifferentiated form of nonkeratinizing NPC (11) . The EBV genome is maintained in tumor cells, and viral mRNA and proteins are detectable in most tumors, suggesting that the virus plays a fundamental role in disease pathogenesis and development (12) . Another hallmark of undifferentiated NPC is a marked and substantial infiltration of immune cells into the tumor microenvironment (13, 14) . There is evidence that interactions between these stromal immune cells and tumor cells are important in NPC growth and proliferation (15) , and tumor cells may coopt immune escape mechanisms evolved by EBV to evade immunosurveillance (16, 17) .
Previous studies have indicated that the frequency of somatic genomic alterations in NPC is low (18) (19) (20) . However, prior work has identified several recurrent genomic alterations in NPC, including deletion of the p16-locus on cytoband 9p21, CCND1 amplification, TP53 mutation, inactivating mutations in negative regulators of the NF-kB pathway, mutations in MAPK and PI3K signaling pathways, and mutations in epigenetic regulators like MLL3 (18, 19, 21) . In this study, we extend this prior work by presenting an integrated analysis of RNA sequencing (RNA-seq), whole-exome sequencing, copy number analysis, histology, and clinical data for 113 patients with undifferentiated NPC to characterize the disease at a molecular level. Our objectives were to identify distinct gene expression-based subtypes of this disease, to define the tumor and microenvironment gene expression features of these subtypes, to examine how these features influence prognosis, and to characterize the mutational landscape of NPC and how it relates to subtype.
Materials and Methods

Tissue collection
Treatment-na€ ve primary NPC biopsies and matching blood samples were collected at Sun Yat-Sen University Cancer Center (SYSUCC, Guangzhou, China) under patients' informed consent that has been approved by the Ethical Committee at SYSUCC (demographic Supplementary Table S1 ). To avoid stromal dilution of tumor cell-specific rare events, we procured tumors with a tumor cell content of at least 50%.
Progression-free survival
Progression-free survival (PFS) was defined as the time from the date of diagnosis to the date of objective tumor progression (excluding clinical deterioration without evidence of objective progression) according to the RECIST, or death from any cause. Median follow-up time for the enrolled patients is 27.3 months.
Transcriptome sequencing by RNA-seq
The quality of purified RNA sample was measured by Agilent 2011 Bioanalyzer and/or gel electrophoresis and samples with RIN value >7 were considered to pass QC. Transcriptome sequencing was performed at WuXi AppTec. Approximately 50 million pair-end reads (100 bp) were generated for each sample. The RNAseq data were analyzed using Omicsoft ArraySuite software. Briefly, the analysis steps include QC, alignment to Human B37 genome with UCSC gene models, and gene level expression quantification using FPKM. The mean rate of unique read mapping was 88% and the mean uniquely paired rate was 83%. EBV gene expression was quantitated by aligning unmapped RNA-seq reads to the EBV genome using the Omicsoft ArrayStudio pipeline. Data have been deposited in the Gene Expression Omnibus (accession GSE102349).
Gene expression-based subtypes and analysis
Principal components analysis was performed on log FPKM gene expression data. We then calculated the dissimilarity between pairs of samples as their Euclidean distance in the PCA-projected space. Clustering was performed using the Affinity Propagation algorithm, varying the self-similarity parameter to obtain clustering solutions varying from two to six clusters. For each solution, the WB index (22) was calculated as the product of the number of clusters and the ratio of within cluster to between cluster variance. Three clusters minimized the WB index. To evaluate the robustness of this clustering solution, we generated 1,000 randomly subsampled datasets comprised of two thirds of the total samples and repeated the clustering procedure, using the WB index to identify the best solution. We found that the best number of clusters was between 2 and 4 in the large majority of trials, with three clusters the most frequent number identified ( Supplementary Fig. S1 ). To further evaluate robustness of our clustering, we used the same random sampling and clustering procedure to group patient samples into three clusters. Across 1,000 random samplings, we computed the probability that two patient samples assigned to the same subtype would be grouped into the same cluster in the subsampled dataset. This probability averaged around 80% across the trials, which was dramatically higher than random expectation estimated using permuted sample labels ( Supplementary Fig. S2 ). Gene signature scores were calculated as the average log2 FPKM value for all genes in a signature. Gene set enrichment analysis was carried out using Fisher exact test.
Whole-exome data analysis DNA was extracted from FFPE and whole blood control samples using the Promega Maxwell DNA Extraction Kit. Libraries were constructed using Illumina TruSeq, captured with the Agilent SureSelect Human All Exon V5 and protocol, and sequenced on an Illumina HiSeq 2500 as 100 base pair paired-end reads. Resulting FASTQ files were aligned to the hg19 reference genome using BWA-MEM (23), duplicates were marked with PICARD, and local realignment and base quality recalibration was performed with GATK (24, 25) .
The whole-exome sequencing was performed on tumor samples from 111 NPC patients, of which 57 patients have matched blood (hereafter referred to "paired cohort") and 54 have only tumor samples (hereafter referred to "unpaired cohort"). We had access to additional blood samples from 13 NPC patients whose tumor samples were not available for sequencing analysis. We compiled all the blood samples (70) as a reference panel to assist somatic mutation analysis. We achieved between 40 and 60Â coverage on normal blood samples and 66 and 118Â coverage on tumor samples, with greater than 95% of the samples achieving a percent target base coverage 10Â greater than 95.0%, and 95% of samples achieving percent target base coverage 20Â greater than 82.9%. Nonsynonymous mutations identified are provided in Supplementary Table S2 for the paired cohort and Supplementary  Table S3 for the unpaired cohort.
Detection of somatic mutations
Single-nucleotide variants were called in paired normal mode using MuTect (26) , while indels were called with Pindel (27) and filtered against panel of normal. Annotation was performed with SnpEff (28), using dbSNP v141, COSMIC v70 (29) , and dbNSFP v2.4 (30) . Nonsynonymous protein-coding SNVs or indels with coverage of at least 10Â or 30Â, respectively, in at least one tumor sample were retained.
Finally, the following SNVs were eliminated: (i) SNVs identified using sequencing data from paired normal DNA; (ii) SNVs identified in the blood reference panel; or (iii) variants registered in either dbSNP141 or the 1000 Genomes project. To further remove private germline variants in the unpaired cohort, we removed variants with allele frequency between 45% and 55% or 95% and 100%. Mutation load was evaluated separately in the paired and unpaired cohorts using the total number of nonsynonymous mutations observed in that sample. A sample was labeled as high or low mutation load based on whether it was above or below the median value for its cohort.
SNP6.0 arraying and copy number analysis
Copy number analysis was performed using Affymetrix genome-wide human SNP 6.0 Array at Shanghai Biotechnology Corp. following protocols from Affymetrix. The raw CEL files were returned. Affymetric Genotyping Console (v4.2) was used to perform QC. Samples with contrast QC less than 0.4 or median of the absolute values of all pairwise differences greater than 0.35 were excluded from the analysis. Genomic segmentation algorithm of Partek Genomics Suite (v6.6) was run with default settings in paired mode for samples with matched normals and unpaired mode for tumor-only samples to get segment-level calls. Gene-level calls were obtained using the mean of the segments spanning gene coordinates. Significant, gene-level copy number aberrations were called based on a P value <0.05 and a log 2 fold change cutoff of 1 for amplifications and À1 for deletions (Supplementary Table S4 ).
Statistical analyses
Tukey honest significant difference (HSD) test was used for pairwise comparisons of gene expression signatures or principal components between the three subtypes. For two-group gene expression comparisons, we evaluated differences with a twosided unpaired t test, and for two-group comparisons of the nonnormally distributed tumor-infiltrating lymphocytes (TIL) scores, we used a Mann-Whitney U test. Group-wise comparisons were performed by ANOVA for gene expression measures and by a Kruskal-Wallis test for TILs.
Morphologic evaluation of TILs
Hematoxylin and eosin (H&E)-stained tumor sections were scanned by Aperio ScanScope XT, and digital images were managed in Spectrum. Morphologic evaluation of TILs was manually performed by a CLIA-certified pathologist following the guidelines set forth by the International TILs Working Group 2014 (31) .
Results
Gene expression-based subtypes
We employed RNA-seq to quantify genome-wide transcript levels in 113 fresh, treatment-na€ ve undifferentiated NPCs. The patient characteristics for the cohort under study are provided in Supplementary Table S1 . Using genome-wide mRNA expression profiles, we derived three NPC subtypes using unsupervised clustering ( Fig. 1 ). Sixty-one samples were assigned to subtype I, 31 to subtype II, and 21 to subtype III. Examining PFS, we observed a trend to differences among subtypes ( Fig. 1A , P ¼ 0.08, log-rank test). Patients in subtype I had the worst prognosis, whereas no progressions were observed in subtype III. Histopathologic examination of tumor samples defined four morphologically distinct groups of NPC tumors ( Supplementary Fig. S3 ), and we observed significant differences in morphology by expressionbased subtype (P ¼ 0.027, c 2 test). Subtype I was the only subtype that included samples with a differentiated morphology, had the highest fraction of samples with mixed morphology, and relatively few undifferentiated samples. In contrast, both subtypes II and III were more enriched for an undifferentiated morphology (Fig. 1B) . Stromal TILs quantified by histopathologic examination (Fig. 1C) were highest in subtype III, and lowest in subtype II. Group differences did not reach statistical significance by a Kruskal-Wallis test, although the difference in stromal TILs between subtypes II and III was nominally significant (P ¼ 0.03, MWU test). Median tumor cellularity was similar across subtypes ( Supplementary Fig. S4 ), although subtype I was observed to have significantly higher tumor content than subtype II (P ¼ 0.006, MWU test).
Tumor microenvironment characteristics of subtypes
Principal components analysis of gene expression data revealed that the first four principal components were significantly different across subtypes, and that they explained approximately 36% of variance in gene expression levels ( Supplementary Fig. S5 ). For each principal component (PC), we identified the most correlated and anticorrelated genes (|Pearson R| > 0.6) and assessed their canonical pathway enrichment in the MSIGDB collection (Supplementary Tables S5 and S6; ref. 32) . PC1 was positively correlated with immune system genes and anticorrelated with cell cycle and proliferation markers. PC2 was positively correlated with TGFb signaling. PC3 was positively correlated with integrins, collagens, and genes involved in extracellular matrix receptor interactions. PC4 was negatively correlated with genes annotated as being involved in cancer-specific pathways. The strong association of PC1 and PC3 with immune and stromal cell genes, and the trend to differences by subtype in percent stromal TILs, prompted us to characterize the microenvironment of these tumor samples by examining prespecified signatures comprised of genes with enriched expression in various immune and stromal cell types, genes induced by interferons, and canonical proliferation markers (Supplementary Table S7 ; Supplementary Fig. S6 ). Subtype I tumors had the lowest expression of immune and stromal genes, and the highest expression of the proliferation signature (Fig. 1E) . Subtype II was characterized by high expression of B-cell and T-cell genes but relatively low expression of cytotoxic markers and markers of IFNg activation. Subtype III also showed high expression of immune genes, but was distinguished by the highest expression of cytotoxic cell markers, IFNg activation signature, and macrophage markers. Interestingly, we also observed clear differences in the correlation between immune cell signatures by subtype ( Supplementary Fig. S6 ). In particular, general T-cell gene expression markers correlated strongly with the cytotoxic cell and IFNG signatures in subtypes I and III, but not in subtype II. In addition, the ratio of cytotoxic gene expression to Tcell gene expression was significantly lower, and the ratio of IgD to IgG heavy chain gene expression was significantly higher in subtype II versus subtype III (P < 0.05 Tukey HSD test), perhaps suggesting an enrichment of na€ ve lymphocytes in these tumors ( Supplementary Fig. S7 ).
EBV gene expression patterns by subtype
All (100%) of the samples expressed characteristic EBV type II latency genes LMP1, LMP2B, and EBNA1. We observed significant differences in the level of EBV gene expression by subtype (Fig. 1D) . Subtype II had significantly lower levels of total EBV gene expression, A73 expression, RPMS1 expression, and EBNA1 expression than samples from other subtypes (P < 0.05 Tukey HSD), although expression of LMP1 and LMP2B were not significantly different across subtypes. To explore how EBV gene expression programs are associated with tumor gene expression, we identified human genes whose expression was correlated with each of six EBV genes (Supplementary Tables S8 and S9 ; Supplementary Fig. S8 ). LMP1 and LMP2B expression were strongly associated with activation of immune pathways such as NF-kB, cytokine and chemokine signaling, expression of CD274 (PD-L1), IFNg signaling, and expression of cytotoxic effector molecules like PRF1 and granzymes. LMP1, but not LMP2B expression, was negatively correlated with WNT pathway components, including LEF1, WNT3, and PRICKLE1. BART-associated transcripts RPMS1 and A73 were associated with transcriptional activation of the p53 signaling pathway and expression of cell cycle-related genes and negatively associated with expression of genes involved in hemostasis and tight junction formation. EBNA1 was strongly associated with cell cycle and proliferation markers. 
The mutational landscape of NPC
We characterized the mutational and somatic copy number landscape of NPC by performing whole-exome sequencing and SNP 6.0 array profiling on tumor samples from 94 patients that were also profiled by RNA-seq (Fig. 2) . For 51 of these samples, we also sequenced matched normal blood (hereafter referred to as the "paired cohort"), and for the remaining 43 samples, no matched normal reference was sequenced or the blood sample failed QC (unpaired cohort, Supplementary Fig. S9 ). In the paired cohort, we identified a total of 1,520 nonsilent somatic mutations across 1,380 genes. The median mutation rate was 22 nonsynonymous lesions per tumor, which is comparable with the values reported in previous studies (18) (19) (20) . There were relatively few genes that were recurrently mutated in the paired cohort. Similar to previous studies (18) (19) (20) , we observed mutations in TP53 (3/51; 5.9%), KMT2D/MLL2 (2/51; 3.9%), and TSHZ3 (2/51; 3.9%). However, mutations in genes, such as BAP1, ARID1A, and RASSF1, were not observed in this paired cohort. Consistent with previous reports, we observed that the majority of samples had arm-level losses of 3p, 14q, and 16q. We also observed recurrent somatic copy number variants, with most frequent events being deletions in the CDKN2A locus (9p21.2; 15/51; 29.4%) and amplifications in the CCND1 locus (11q13; 2/51; 3.9%). Across both the paired and unpaired cohorts, CDKN2A deletion was enriched (P ¼ 0.01 FisherFreeman-Halton test) in subtype I where 33% samples (19/57) harbored a deletion versus 5% (1/22) for subtype II and 12% (2/16) for subtype III.
Two recently published studies of NPC reported recurrent mutations in genes that inhibit the NF-kB pathway (19, 20) . Looking across both paired and unpaired cohorts, we observed genetic lesions in NF-kB inhibitors in 37% (30/104) of patients. The most frequently altered genes were CYLD (mutated or deleted in 9 patients), TRAF3 (9 patients), and FBXW7 (6 patients). CYLD is a deubiquitinase that targets several NF-kB signaling components to negatively regulate the pathway (33) . TRAF3 negatively regulates NF-kB pathway activation by promoting degradation of the activating kinase NIK (34) . FBXW7 negatively regulates NF-kB by promoting degradation of p100 (35) . We observed an association between NF-kB mutation status and higher stromal TILs (P < 0.03, MWU test), and a trend to lower intratumoral TILs (P < 0.06, MWU test). We also observed a strong enrichment (P ¼ 0.002, Fisher-FreemanHalton test) for NF-kB pathway mutations in subtype I, with 24 of 58 patients (41%) harboring a mutation or deletion in the pathway, versus 2 of 28 (7%) in subtype II and 4 of 18 (22%) in subtype III. Also consistent with previously reported findings, we observed recurrent mutations in PI3K and MAPK pathway genes. In total, 15 patients were observed to have at least one mutation in PIK3CA, KRAS, PTEN, BRAF, NRAS, FGFR2, or FGFR3. The most frequently mutated genes were PIK3CA (4 patients) and KRAS (3 patients). Lesions in these genes were strongly associated with higher PC2 expression (P ¼ 0.002, t test), significantly lower expression of all immune signatures, and a trend to lower stromal TILs (P ¼ 0.07 MWU test). There were no significant differences in the frequency of mutation in these genes by subtype.
TILs are associated with better PFS
The previously described (36) association between immune cell infiltrate and outcome in NPC prompted us to determine whether TILs were associated with PFS in this patient cohort. We partitioned samples into high (top 50%) and low (bottom 50%) TIL groups based on histopathologic estimates of %TIL fraction intratumorally and in the tumor stroma (Supplementary Fig. S10 ). High stromal TILs, but not intratumoral TILs, were significantly associated with better PFS ( Fig. 3A ; P ¼ 0.013, log-rank test). Interestingly, PC2 was found to be significantly higher in the low stromal TIL samples versus high stromal TIL samples ( Fig. 3B; P ¼ 0.02, t test) . To explore which pathways and processes may influence exclusion of TILs from the tumor microenvironment and lead to worse prognosis, we examined the 197 Entrez genes showing a strong (R > 0.6) correlation with PC2 across all 113 samples (Supplementary Table S3) , and their overlap with canonical pathway annotations from the MSIGDB database (32) . We identified nine gene sets significant at an FDR-corrected P value <0.1 (Supplementary Table S4) , with the most significant enrichment observed for TGFb pathway signaling (FDR-corrected P ¼ 3.2eÀ6). Other pathways related to TGFb signaling were also significantly enriched, including the ALK pathway (P ¼ 1.8eÀ3) and BMP signaling (P ¼ 4.4eÀ3). Interestingly, we also observed several WNT pathway members among the 197 genes highly correlated with PC2, including WNT3, WNT9A, FZD1, DVL3, PPP2CB, and LRP3. Average log expression of the 197 genes showed a strong correlation with expression of genes activated by WNT/b-catenin (Fig. 3C , R ¼ 0.66, P ¼ 3.5eÀ15) and genes upregulated by TGFb (Fig. 3D , R ¼ 0.55, P ¼ 4.2eÀ10) annotated in the MSIGDB hallmark collection (37) .
A proliferation signature is associated with poor PFS
To explore whether any gene expression characteristics were associated with patient outcome, we tested our compendium of signatures and the first five PCs for associations with PFS by fitting Cox proportional hazards models. Controlling FDR at 10%, we found that PC1, the T-cell, and the B-cell signatures were associated with better PFS, whereas the proliferation signature was associated with worse outcome (Table 1 ). The proliferation signature showed the largest effect of any signature tested, and stratifying samples into high (upper 50%) and low (lower 50%) proliferation groups revealed a clear difference in patient outcome (Fig. 4A) . In a multivariate Cox model, including stromal %TILs, PC1, the T-cell, B-cell, and proliferation signatures, the proliferation signature and stromal TIL terms remained independently significant (P < 0.05). High stromal TILs in patient samples with a high proliferation score appeared to be protective (Fig. 4B) . Separating samples into high mutation load (upper 50%) and low mutation load (bottom 50%) groups, we observed higher proliferation signature score in the high mutation load group (P ¼ 0.04, t test). Examining this association more closely, we observed that in subtype I (which was characterized by the highest mean proliferation signature score), there was no association between proliferation signature and mutation load, whereas in subtypes II and III, there was a strong association between mutation burden and proliferation signature ( Fig. 4C; P ¼ 2.1eÀ3, t test) . Interestingly, this association appears to be a common feature of solid tumors as we observed a similar positive association between the proliferation signature and mutation load in 13 of 24 cancer indications characterized by The Cancer Genome Atlas (Supplementary Table S7 ). This association did not appear to be an artifact driven by differences in percent tumor composition across samples. A significant association between mutation load and Mutation and somatic copy number variations for the 51 patient "paired" cohort. Deletions in the p16 locus are the most frequently observed genetic lesions. RNAbased subtype classification, total mutation burden, and total EBV gene expression are also shown for each patient. proliferation signature was observed after fitting ordinary least squares models that included sample purity estimate as either a categorical (P ¼ 0.003) or real-valued (P ¼ 0.002) covariate. We did not observe a strong association between percent tumor estimates and mutation load in this study (Supplementary Fig.  S11 ). Within subtype I, but not subtypes II and III, expression of EBV transcripts RPMS1 and A73 (R ¼ À0.49, P ¼ 6.9eÀ5) was associated with lower proliferation signature (Fig. 4D) .
Discussion
This study highlights the interplay between EBV infection, tumor genetics, and the immune microenvironment in NPC. The three expression-based subtypes we identified are characterized by notable differences in expression of stromal and immune cell genes. Subtype I, constituting approximately 54% of the samples under study, was found to have the least, but still robustly detectable, immune and stromal cell gene expression. In this subtype, T-cell-specific genes were highly correlated with effector markers like perforin, granzymes, and IFNg. Subtype II was characterized by very high expression of T-cell and B-cell markers, but with a pattern of expression consistent with na€ ve lymphocyte-rich infiltrate: IFNg, perforin, and granzyme expression were low, and were not highly correlated with general T-cell markers. IGHD expression (a marker of na€ ve B cells) was over 4-fold higher than the other subtypes, whereas IGHG expression trended lower. Finally, subtype III also had high expression of immune cell markers, but with the hallmarks of a preexisting antitumor or anti-EBV immune response. The cytotoxic and IFNg signatures and PD-L1 gene expression were all highest in this group of samples and were highly correlated with expression of general T-cell genes. A similar association between cytotoxic gene expression and oncogenic virus expression as well as PD-L1 has been reported previously (38) .
The differences in immune cell gene expression across subtypes are striking. We cannot exclude the possibility that these differences are driven in part by sampling variation during biopsy; however, other tumor characteristics that associate with subtype support the hypothesis that these groups represent bona fide molecular categories. NF-kB pathway mutations were enriched in the less infiltrated subtype I, with 41% of these patients harboring a mutation or somatic copy number loss in a negative regulator of the pathway. We also observed enrichment for CDKN2A deletion in these patients, with 34% showing evidence of deletion versus 0% in subtype II and 11% in subtype III. Histopathologic analysis revealed that tumors in subtype I were enriched for a differentiated morphology. PFS appears different across subtypes with no progressions observed in subtype III and the poorest prognosis observed for patients in subtype I. EBV BART-associated transcript expression levels (A73 and RPMS1) were substantially lower (although still robustly detectable) in subtype II. Finally, the correlates of the poorly prognostic proliferation gene expression signature were different across subtypes: In the two immune cell-infiltrated groups (II and III), total mutation load showed a strong association with proliferation, whereas in subtype I, there was no association. A previous study reported that higher mutation burden was associated with poor prognosis in NPC (20) . We speculate that this may be linked to the association between mutation load and proliferation reported here. In subtype I, expression of BART-associated EBV transcripts A73 and RPMS1 were strongly anticorrelated with proliferation. This may be explained by the previously described negative regulation of LMP1 protein expression by BART-derived miRNAs (39) , with a subsequent reduction in LMP1-regulated proliferation.
NPC is known to be associated with a lymphocyte-rich stroma, and it has been suggested that the disease may rely on interactions with these immune cells for growth and development signals (15) . It has previously been reported that CD8
þ CTL or PD-
þ T-cell infiltrate is associated with poor outcome in this disease (14, 36) . The influence of the immune microenvironment on patient outcome in this cohort appears quite complex. High stromal %TILs were associated with better PFS in this study. Stromal TILs have also been found to correlate with prognosis following chemotherapy in breast cancer (31) . At the gene expression level, general T-cell and B-cell signatures were associated with better prognosis, and PDCD1 (PD-1) expression showed a very high (R ¼ 0.93) correlation with the T-cell signature. Furthermore, patients assigned to subtype III, which had the highest expression of T-cell, IFNG, and cytotoxic effector markers had no progressions. However, the IFNg and cytotoxic cell signatures were not themselves significantly associated with prognosis, perhaps suggesting that the prognostic influence of CD8 þ T cells is context or subtype dependent. The second principal component of gene expression in this study, which correlates with TGFb and WNT transcriptional pathway activation as well as mutations in PI3K and MAPK pathway genes, showed a significant negative association with stromal %TILs. A role for TGFb in immunomodulation has been well described (40) , and recent reports in melanoma have proposed a role for WNT signaling in regulating antitumor immune responses (41) . These results suggest that similar mechanisms may be relevant in NPC. Intriguingly, LMP1 gene expression was observed to anticorrelate with the expression of several WNT pathway members, consistent with a previously reported role for LMP1 in antagonizing WNT signaling (42) . Conversely, LMP1 expression was positively correlated with immune activation markers, including PD-L1 and the cytotoxic cell signature, but not a general T-cell or B-cell signature, perhaps pointing to a role for LMP1 in promoting infiltration of specific lymphocyte subsets into the tumor microenvironment in part via WNT pathway downregulation.
There are several important limitations in this work that should be addressed in future studies and influence the interpretation of the results presented here. First, it will be important to validate the subtypes we propose in an independent cohort. Clinical stage and smoking history were not available for all patients, limiting our ability to examine associations between subtypes and these patient characteristics. Second, as some of the primary differences across subtypes appear to be related to stromal and immune cell infiltrate, the subtypes we report could be sensitive to sample collection protocols. Furthermore, the extent to which the gene expression signal we are measuring is tumor or immune/stromal in origin could be elucidated by approaches like laser capture microdissection coupled to expression profiling (43) or single-cell sequencing (44) .
Taken together, our results show how EBV-driven expression patterns in tumor cells and tumor genetic characteristics are associated with the immune and stromal compartments in NPC, and how these characteristics may impact patient outcome. These findings may provide a framework for developing immunotherapy and targeted treatment strategies. Subtype III, with high expression of T effector genes and high IFNg signature, may be enriched for potential responders to checkpoint blockade therapy (e.g., anti-PD-1 antibodies). The association we observed between transcriptional signatures of WNT and TGFb pathway activation and infiltration of stromal TILs perhaps suggests that therapies targeting these pathways should be considered to improve infiltration of antitumor T cells into the NPC microenvironment, potentially in combination with checkpoint blockade. The strongest poorly prognostic signal in this cohort was the proliferation signature, which correlated with mutation load, a biomarker of durable response to checkpoint blockade (45) (46) (47) (48) . Therapies targeting dysregulated cell-cycle progression may therefore be of interest, perhaps in combination with immunotherapy. The large majority of patients in this cohort had no mutations or copy number losses in RB1, and so dual CDK4/6 inhibitors (e.g., palbociclib and ribociclib) could be considered as proliferation inhibitors in this disease. A, A high proliferation signature is associated with poor PFS (P ¼ 1.2eÀ3, log-rank test splitting samples on median). B, High mutation burden is associated with high proliferation signature in subtypes II and III (P ¼ 2.1eÀ3, t test). C, Progression-free survival in patients stratified on median proliferation signature and median percent stromal TILs. D, Expression of BART-associated EBV transcripts is anticorrelated with the proliferation signature in subtype I.
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